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Abstract

In this thesis, a wide band photoconductor array is designed and characterized. The wide
band photoconductor array is designed from materials exhibiting energy band gaps of
values in the range 1.1-3.33 eV. Our photoconductor array consists of Cadmium sulfide,
Gallium Selenide, Indium Selenide, Germanium, Zinc Sulfide and Indium Selenide/
Cadmium sulfide heterojunction. The photoconductor array is subjected to various types of
laser excitations including lasers of wavelengths of 406, 632, 850 and 1550 nm and
tungsten light. The measurements allowed determining the array photoresponsivity,

photosensitivity, external quantum efficiency and internal quantum efficiency.

The photosensitivity and generated photocurrent increase with power for lasers and
tungsten light while external quantum efficiency, internal quantum efficiency and

photoresponsivity decrease with power of lasers and tungsten.

The maximum value of photosensitivity is achieved for Cadmium sulfide while the
maximum value of generated photocurrent is achieved for connected array. The maximum
values of external quantum efficiency, internal quantum efficiency and photoresponsivity

are achieved for Indium Selenide.

Keywords: photoconductor, photoresponsivity, external quantum efficiency, internal

guantum efficiency, photosensitivity.
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Chapter One
Introduction and Literature Survey

Materials can be divided into three types: insulators, semiconductors, and conductors based
on their electrical resistivity and conductivity. Typically, the resistivity of insulators is
larger than 10" Ohm.cm, the resistivity of conductors is in the range of 10 ° to 10 ~°
Ohm.cm, and the resistivity of semiconductors is in the range of 10 > to 10™ Ohm.cm
[1,2]. Electrical resistivity of semiconductors depends on temperature, illumination and
doping. Semiconductors have two energy bands, conduction band and valence band. The
band gap is the energy difference between the bottom of the conduction band and the top of

the valence band [2]. The band diagram is shown in figurel.1.

Energy

Fig. 1.1: The band diagram of a semiconductor

When an electron in the valence band possess enough energy (e.g. through incident
photon), electron will be excited to the conduction band and leaves a hole in the valence
band [3]. The electric carriers (electrons in the conduction band and the holes in the valence

band) contribute to increasing the electrical conductivity. Because of these properties,



semiconductors have many areas of applications such as, transistors [4], switches [5],
temperature sensors [6], photovoltaic devices solar cell [7], photo electronic devices [8] and
photodetectors [9].

A photodetector is a device that converts an optical energy into another type of energy, (ex:
electrical energy) [10]. Photodetectors can be sorted into several types, such as phototransistors
[11], heterojunction photodiode [12]), infrared diodes [13], photodiodes [14] and photoconductors
[15]. The working mechanism of photodetector is based on the photoelectric effect [16]. In a
semiconductor material that is illuminated by an optical beam, if the photon energy is larger than
the energy band gap of the semiconductor material, then for each absorbed photon an electron is
transmitted to the conduction band. Different types of transitions are possible and different working
mechanisms, such as interband, interband impurity and barrier transitions [17,18]. When external
electric field applied, it is possible to collect the electrons in an external circuit and convert the
optical signal into an electrical signal. In a photodiode the external quantum efficiency cannot be
higher than one [19]. Also, it has small responsivity [20]. But it has fast response time.
Photoconductors, on the other hand, are having high responsivity values and external quantum
efficiency [21].Also, photoconductors are capable of high gain [22]. The photodiodes have a
junction (i.e. p-n, p-i-n or Schottky) to separate and collect the photogenerated carriers [23,24].
They are commonly used in industrial applications due to their high performance and low cost. On
the contrary, the Photoconductors do not have the same structure and they are based on
photoconductivity [25], which is the change of conductivity of a semiconductor when it is
exposed to light. When photoconductors are compared with photodiodes, it is easy to
fabricate a photoconductor consists simply of a slab of semiconductor, in bulk or thin-film
form, with Ohmic contacts affixed to the opposite ends [26] as shown in figure 1.2. The

photoconductors are usually synthesis with relatively simple processes like thermal evaporation



and sputtering [27]. In our study, we are interested in the photoconductor device in order to

design photoconductor array.

hv

Ohmic
contact

Ohmic
contact

Fig.1.2: photoconductor that consists of a slab of semiconductor and two Ohmic contacts at
the ends.
Photoconductor is named as light-dependent resistor or photoresistor [28]. It is an important
type of photodetectors which is based on the phenomenon of photoconductivity.
Photoconductor has a high conductivity due to the absorption of a suitable photon energy
for electromagnetic radiation, such as infrared (IR), ultraviolet (UV) light and visible light
[29]. Photoconductors have large resistance in the dark and high conductivity under
suitable illumination with a photon energy that is larger than the band gap energy of the
semiconductor [30]. Typically, photoconductor has a semiconductor layer that is
sandwiched by two Ohmic contacts. Photoconductors are used for detecting radiation in the

UV, Visible and near IR region [29]. Also, it can be used for detecting X-rays. Furthermore,



it has many applications in environmental monitoring [31], optical communications and military
fields [32, 33]. The typical photodetector performance parameters are photoresponsivity [34],
external quantum efficiency [35], photosensitivity [36], internal quantum efficiency [37].
Based on these parameters, the performance of the photoconductor is evaluated. These
parameters will be discussed in the next chapter.

Thesis Outline

In this thesis, photoconductor array is proposed and fabricated, its performance is
characterized and the working principle was also discussed.

This thesis is organized into 5 chapters.

Chapter 1: Introduction. This chapter covers the backgrounds and motivations of the
photoconductor and an outline of this thesis.

Chapter 2: Theoretical Backgrounds. This chapter describes backgrounds reviews of
materials properties, Optical absorption, energy band gap and the parameters of
photoconductors.

Chapter 3: Experimental Details. This chapter shows Photoconductor array thin film
preparation, Optical measurements and Current-Voltage Measurements in details.

Chapter 4: Results and Discussion. This chapter discusses Optical properties, energy band
gap and photoelectric properties in details.

Chapter 5: Conclusion.



Chapter Two
Theoretical Background

2.1 Material properties

Many types of semiconductors are used in photoconductor devices, such as Silicon [38],
InGaAs [39], GaN [40], ZnO [41], GaAs [42], Graphene—metal junction. Also, Silicon and
GaN are used for UV photodetection [43,44]. For our photoconductor array we used the
following material in manufacturing of our photoconductor array because they have a vary
good properties that support our aim of this work.

Cadmium sulfide (CdS) is a semiconducting that is used in many applications. The wide
direct band gap of (2.4 eV) [45] at room temperature has been considered as a prospective
property for using it in optoelectronic devices. Also, compact crystallographic cell
structure, low absorption loss and electronic affinity make CdS as a promising

optoelectronic device for making solar cells with CulnS2 (CIS), CulnSez (CISe) and InP

[46]. Thin films of CdS have other applications such as electrochemical cells [47], gas
sensors [48], CdS NB MESFET photodetector [49] and metal-Schottky barrier cells [41]. It
IS mainly used as an optical window material. Nanoparticles of CdS doped with other
semiconductors serve as photo sensor detection [50]. Thin films of CdS can be grown by
physical and chemical methods such as chemical bath deposition (CBD) [51,52] and

vacuum deposition [53].

Gallium Selenide (GaSe) is a member of I11-VI semiconductor family. GaSe is an important

material in many fields of both fundamental research and technical applications because of



it's structural, optical, electronic, photoelectronic properties. It is an excellent nonlinear
optical material with an indirect band gap of 2.11 eV .The direct band gap is higher than
it's indirect band gap by 25 meV [54, 55]. GaSe has many applications in photoelectronic
devices [56, 57], photoelectric analyzers of polarized light [58], nonlinear optics, terahertz
(THz) generation [59], detectors for monitoring high energy Muon beams [60, 61], X-ray
beam detection [62] and light detection at ultraviolet wavelengths [63]. GaSe thin films had

been grown by using different growing techniques [64,65].

Indium Selenide (InSe) is very attractive material for fabrication of new types of
optoelectronic devices in the form of thin films. InSe has different growth techniques such
as molecular beam epitaxy (MBE) [66], vapor deposition [67] and evaporation techniques
[68]. The structural properties of InSe were studied [69,70,71,72]. It provides an important
class of direct band gap semiconductors [73,74, 75, 76, 77]. Also, there is In,Se; with
phasesa, B and y with energy band gap of 1.42 eV, 1.55 eV and 2 eV, respectively [78].
InSe has Small effective mass in the conduction band [79], large electron mobility [80] at
room temperature due to weak electron—phonon scattering [81] and optical activity in
absorption and emission [82]. Because of these properties, they are widely used in many
applications such as solar energy conversion [83], terahertz generation [84], nonlinear
optics [85], solar cell fabrication [86], photodiodes [87], rectifiers [88,89], gas sensors [90],

detectors [91] and switching devices [92].

Germanium (Ge) is an indirect band gap semiconductor which possesses many properties
such as high refractive index, small effective mass and high mobility as compared to Si, It

has a cubic-F lattice at room temperature. The energy band gap of Ge could be tuned from



(0.67eV bulk) to (2eV 3-nm-diameter nanocrystals) [93,94]. Oxygen implementer is an
important factor along with quantum confinement which changes the optical properties of
Ge and making it a promising material for efficiently absorbing photons in solar cell
applications [95], MOSFETSs [96], photodetectors [97], IR laser radiation detectors [98] and
high-speed transistors [99]. Compared to devices based on 1lI-V semiconductors, devices

based-on Ge has lower cost due to the material and the fabrication [100, 101].

Zinc Sulfide (ZnS) is an important I1-VI group semiconductor with a direct band gap
between (3.5eV -3.7 eV) [102]. ZnS can be found in different crystal structures  such as
cubic zinc blende (sphalerite) and hexagonal (wurtzite). Cubic form of ZnS has a band gap
of 3.54 eV while the hexagonal form of ZnS has a band gap of 3.91 eV [103, 104]. Because
ZnS has high index of refraction, high transmittance in the visible range [105], it is used in
many applications such as light-emitting diodes [106], multilayer dielectric filters [107],
spintronics [108], photocatalysts [109] sensors [110], injection lasers [111], thin film
electroluminescent devices [112], infrared windows [113] and solar cells [114]. Many
techniques were used to produce ZnS such as spray pyrolysis [115], thermal evaporation
[116], molecular beam epitaxy [117], chemical bath deposition [118], photochemical

deposition technique [119], atomic layer deposition [120] and RF reactive sputtering [121].

2.2 Optical absorption and energy band gap

Intrinsic optical absorption of one photon across the band gap is the dominant optical

absorption process in a semiconductor. When the energy of the incident photon (hv) is



larger than the band gap energy, the excitation of electron from the valence band to the
conduction band occurs. Photons passing through the material are then absorbed and the
number of electron-hole pairs generated depends on the number of incident photons @, (v)
per unit area, per unit time and per unit energy. Frequency (v) is related to wavelength (1)
through the relation, v= c/A, where c is the velocity of light in a vacuum. Photon flux

@(X, v) decreases exponentially inside the semiconductor according to the relation [122],

¢ (x,v)=¢o(v) exp (-ak) (2.1)

Where o is the absorption coefficient of the material given by a=4nkv/c with k is the
extinction coefficient. The absorption coefficient can be deduced from the absorption
spectra using the relation,

I =1,exp(—cd) (2.2)
Where | is the transmitted intensity and I is the incident intensity of the light and d is the
thickness of the film. For the parabolic band structure, the relation between absorption
coefficient and band gap of the material is given by [123, 124],

ahv =Clhv-E,) 2.3)
Where C is a constant factor determined by the transition probability, and m is a number
that depends on the type of transition process and h is plank’s constant, Eg is the optical
energy band gap. o can be expressed as a function of photon energy (hv). Possible values
of mare 1/2, 2, 3/2, and 3 for allowed direct, allowed indirect, forbidden direct and
forbidden indirect electronic transitions respectively [125, 126, 127, 128]. In the case of

allowed direct band gap material, m= 1/2. From the plot between (ahv’ 2 and hv we obtain a



straight line, and its intercept with the horizontal axis is the energy band gap of a

semiconductor.

2.3 External Quantum Efficiency (EQE)
External Quantum Efficiency is defined as the ratio of the number of photogenerated
charges current to the number of incident photons on the photoconductor [129, 130]. EQE

is a function of wavelength, absorption coefficient and light frequency.

Iy h
EQE(2)= 7~

(2.4)
Where Iqis the dark current, 1y is the light current and Ip, = (l; - 14) is the photocurrent, s is
effective area , P is the incident light power, c is the speed of light in vacuum, A is the

wavelength of the incident light and e is the electron charge [131].

2.4 Internal Quantum Efficiency (IQE)

It is defined as the ratio between the number of the electron-hole pairs created by the light
and the number of the absorbed photons. Not all generated carries (electrons and holes) can
reach the electrodes because of loss mechanisms. The IQE is measured from EQE because

it is not easy to calculate it directly [132].

_ EQE(4)

IQE(%)= 1-T-R

(2.5)

Where R is the spectral reflectance and the device transmittance T [129].
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2.5 Photoresponsivity
The photoresponsivity is defined as the ratio of the output photocurrent signal to the power
of the input optical signal. It is an important parameter that tells us the available output

signal of a photoconductor for a given input signal (light signal) [133] Rs is:

Rs = IPLQ (2.6)

Rs is a measure of the effectiveness of the conversion of light power into electrical current

[134].

2.6 Photosensitivity
Photosensitivity is defined as the ratio of photo-generated current to dark current in the

photoconductor [135]. S is given by the formula:

S=— (2.7)

Where Iqis the dark current, |, is the light current and 1o, = (l;- 14) is the photocurrent [136].
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Chapter Three
Experimental Details

3.1 Photoconductor array thin film preparation

The photoconductor array which consists of CdS, GaSe, InSe, ZnS and Ge thin films is

prepared by thermal evaporation system (VCM 600 V2) that is shown in figure 3.1.

!

Fig. 3.1: Norm VCM 600 physical vapor deposition system.

In the preparation process the glass substrate was cleaned by using ultrasonic machine
being arranged to work at 60° C for 20 minutes. All glass substrates covered by Teflon
expect the sides [figure 3.2] we evaporate Indium metal in the sides of the glass substrates

to achieve electrical contact. An ignot of mass of 0.2g were placed in the tungsten boat
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andthe glass substrates are placed on the sample holder at 20 cm above tungsten boat. Then,

manual shutter and the chamber are closed. Thermal evaporation steps were as follows:

The vent is closed.

The main power switch and rough pump are turned on.

When 10 mbar pressure is achieved turbo pump is turned on and we wait till it reach
a pressure value of 10° mbar. Then we start the evaporation by heating tungsten
boat by increasing the current. After that the shutter is opened.

At a thickness of 1 um read by thickness monitor , the shutter and current were
turned off.

Turbo pump and rough pump were then closed.

The samples were divided into 5 regions by Teflon. In each uncovered region we

evaporate one of the following materials CdS, GaSe, InSe, ZnS and Ge following the

same previously descried steps .All samples were kept at the same thickness as shown

in figure 3.2.
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]
a) 1 TEFLON d)InSe TEFLON
b) cds
) TEFLON e) ZnS TEFLON
[ [
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oy | 065 | O Juse | S0 IR |

Fig. 3.2: The geometrical design of the TEFLON covered glass substrate and
photoconductor array.

3.2 Optical measurements

The optical transmittance and reflectance are measured in the incident light wavelength
range of 300 to 1100 nm by means of a Thermo Scientific Evolution 300 UV-VIS-NIR
spectrophotometer that is equipped with VeeMax Il spectrophotometer as shown in figure
3.3. The reflectance of all samples is measured at normal incidence at an angle of 15°.

The Thermo Scientific Evolution 300 UV-VIS-NIR spectrophotometer includes an
extended wavelength range from the UV to the near-IR silicon photodiode detectors. The
data were collected and manipulated by means of the VISION software. The transmittance
and reflectance measurements were used to determine the optical band gap and materials

absorbability.
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Fig. 3.3: Thermo Scientific Evolution 300 UV-VIS-NIR spectrophotometer.

3.3 Current-Voltage Measurements

The current voltage (I-V) characteristics are measured by connecting the samples between
two Indium contacts using programmable Keithley 6485 picoammeter and Keithley 230
voltage source as shown in figures 3.4 and 3.5. measurement were carried out in the dark
and under irradiation of tungsten, 406 nm, 632 nm and 850 nm lasers. The 6485
Picoammeter has high sensitivity to measure currents less than 0.1 pA. Even at higher
currents, the device gives accurate current measurements. It measures voltage and
resistance. The data were measured by using Keithley high-quality low-noise coaxial cables
to reduce external effects. The I-V curves show the relationship between the current
flowing through a photoconductor device and the applied voltage across its terminals. The
curves introduce an Ohmic device. All the measurements were carried out at room

temperature and standard pressure.
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Fig. 3.4: Keithley 6485 pico-ammeter
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Fig. 3.5: Keithley 230 voltage source
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Chapter Four
Results and Discussion

4.1: Optical properties and energy band gaps

In order to determine the optical properties and energy band gaps for photoconductor array
materials, the transmission (T), reflection (R) and absorption(A) measurements are

measured by using (Evolution™ 300 UV-Vis Spectrophotometer).

The optical properties (T, R and A) are studied as a function of wavelength (1)
for Cadmium Sulfide(CdS), Gallium Selenide(GaSe), Zinc Sulfide (ZnS),

Indium Selenide (InSe), Germanium (Ge ) and InSe/CdS heterojunction.

Figure 4.1 shows Optical transmission spectra of photoconductor array materials. We
found that T for CdS increases slowly as 4 increases up to T=16% which is
observed at A= 450 nm. Beyond A=450 nm, T increases rabidly and it reach's a
maximum value of T= 93.1% at A= 600 nm. For A larger than 600 nm, T starts to
decrease and it reachs a minimum value of T= 64.5% as shown in figure 4.1. Our results

agree with Ikhmayies et al [137] .

T for InSe/CdS heterojunction behaves as that of CdS, but it reaches the max
value of T= 94.1% at A= 762 nm. For 1 larger than 762 nm, it starts to decrease slowly
and it reachsa minimum value of T= 60.2% as shown in the figure 4.1.
T for InSe increases slowly as 1 increases up to T= 33.1% at A= 584 nm. After

584 nm T increases rabidly to reach a maximum value of T= 89.1% at 1 774 nm.
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For wavelength larger than 774 nm T decreases slowly to reach a minimum value of T =

65.5% as shown in figure 4.1.

Similar behavior of transmittance for GaSe and ZnS, T increases rapidly from
A=438 nm up to A= 538 nm. At 1= 538 nm, T= 38.3% for GaSe and T= 32.6 % for ZnS.
Beyond A= 538, T increases slowly to reach a maximum value of T= 89.2% at A=

742 nm for GaSe and T= 90.6% at A= 804 nm for ZnS, as shown in figure 4.1.

T for Ge increases slowly from 4= 602 nm up to A= 928 nm and T= 26.8% at 1=
928 nm. Beyond A= 928 nm, T increases rabidly to reach a maximum value of

T= 66.8% at A= 1094 nm as shown in figurer 4.1.

100

80 -

60 1

T%

40

20 1 InSe/CdS

300 400 500 600 700 800 900 1000 1100
A (nm)

Fig. 4.1: Optical transmission spectra of photoconductor array materials.
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Figurer 4.2 shows optical reflection spectra of photoconductor array materials. R for CdS
has one maximum peak of R= 18.2% at A= 492 nm. Also it has one minimum
peak of R= 5.16% at A= 600 nm. R for InSe and GaSe has similar response for
incidence wavelength 4. InSe and GaSe have two maximum peaks of R=28.6% and 29.8%
at A= 586 nm and A= 1080 nm, respectively, are observed for InSe. The maximum
reflectance R= 26.5% and R= 21.9% at A= 604 nm and at A= 1096 nm, respectively, are
observed for GaSe. The two minimum peaks are R= 17.1% and R=5.41% at A= 480 nm A=
788 nm, respectively nm for InSe. Similarly two minimum peaks for GaSe R= 9.9% and R=
4.17% at A= 494 nm and A= 820 nm, respectively. As shown in figure 4.2. R of InSe/CdS
heterojunction shows clearly that it has two maximum peaks which are lower than
maximum peaks of InSe and larger than CdS. We found that R = 19.6% at two different
wavelength A= 550 nm and A= 1088 nm. While the minimum peaks are lower than that of
InSe and CdS. The first minimum peaks R= 8% at A= 342 nm and the second one was

1.4% at A= 750 nm, as shown in figure 4.2.

In our study for Ge, we indicated that R has one maximum peak of R= 30.3% at A= 876 nm,
but Ge has two minimum peaks of R= 22.01% at A= 668 nm and R= 11.1% at A= 1096 nm

as shown in figure 4.2.

Finally, ZnS has two maximum peaks R= 20.7% at A= 426 nm and the R= 20.07% at A=
1076 nm. Also ZnS has two minimum peaks R= 6.13% at A= 356 nm and R= 5.25% at 1=

606 nm as shown in figure 4.2.
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Fig. 4.2: Optical Reflection spectra of photoconductor array materials.

Analysis of optical absorption is a productive tool for finding the energy band gap. T and R
spectra were recorded in the photon energy (E= hv) range of 1.0-4.5 eV. From these

spectral data the absorption coefficient (o) calculated by using the relation [138]:
T=(1-R) ?exp (-ad) (4.1)

Where d is the film thickness. The data are illustrated in Figurer 4.3. It is clear that the
absorption coefficient o of CdS thin films sharply increases with increasing photon energy

in the region of 2.22-2.67 eV. The value of a increases from 0.59x10° to 6.3x10° cm™ in
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the region of 2.22 < E < 2.67 eV and then slightly continues increasing until it reaches a

value of 9.3x10% cm™ at E= 3.98 eV.

We found that a for InSe and InSe/CdS heterojunction thin films increases with increasing
photon energy in the region of 2.00-2.70 e¢V. The value of a increases sharply from
3.96x10° to 8.35x10° cm™ for InSe in the region of 2.00 < E < 2.70 eV. Also, o sharply
increases from 3.24x10° to 8.41x10%n the region of 2.00 < E < 2.70 eV for InSe/CdS
heterojunction. Beyond E= 2.70 eV, a starts a slight increase until it reaches a maximum
value of a= 9.04x10° cm™ for InSe and o= 9.91x10° cm™ for InSe/CdS heterojunction at

the same value of E= 3.98 eV as shown in figure 4.3.

From figure 4.3 we recognized that o of Ge thin film sharply increases with increasing
photon energy from 3.22x10% cm™ to 8.23x10° cm™ in the region of 1.12 < E < 1.83 eV.
Beyond E= 1.83eV, a increases slightly until it reaches a value of o= 8.67x10° cm™ at E=

3.98 eV.

From figure 4.3 it is clear that o of GaSe sharply increases with increasing photon energy o
increases from 1.37x10° to 7.35x10% cm™ in the region of 1.80 < E <2.53 eV. Beyond E =
2.53 eV, o continues increasing until it reaches a value of 8.53x10° cm™ at E= 2.75 eV.
But, beyond the value of E= 2.75, a increases slowly to reach a maximum value of o =
9.84x10° cm™ at E= 3.98 eV. The absorption coefficient o for ZnS sharply increases with
increasing photon energy. o increases from 1.92x10° to 7.07x10% cm™ in the region of 3.32

E <3.72 eV as shown in figure 4.3.
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Fig. 4.3: Variation of absorption coefficient as function of incident photon energy.
The energy band gap (Eg) can be calculated from Tauc plot of (aAv) 2 versus (hv) [ 139]
ahv=C(hv-Eg)*?, (4.2)

Where o is the absorption coefficient, hv is the photon energy in (eV), Egq is the direct band
gap energy, and C is a constant that depends on the transtion probability. Figure 4.4 shows
the Tauc plots. The energy band gaps were determined from the extrapolation as indicated
by the dotted lines in figure 4.4, and the results are listed in (table 4.1). Eg= 2.39 eV for
CdS, which agrees with Ikhmayiesa et al where they found that the energy band gap for
CdS equals 2.40 eV [140] Also the energy band gap for GaSe E4= 2.15 eV, this value is

close to that estimated by Qasrawi as Eg= 1.96 eV [141]. The energy band gap for ZnS
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being Eq= 3.33 eV agrees with that obtained by Hwang which is equal 3.54 eV [142]. The
Eg for InSe in literature is 1.39 [143], but we found that Eg equal 2.02 eV which is due to
formation In,Se; with y phases [78]. The energy band gap for Ge is 1.14 eV which is
differing from previous studies [93] which is equal 0.7 eV this difference due to formation
of GeO at the top surface of the film, the GeO has energy band gap of 1.2 eV [94]. For

InSe/CdS heterojunction Eg=2.10 eV. All results are listed in table 4.1.

10 6
8 - / Zns 5 1 InSe
N  Inse/cds
S = 4
H.m_ 6 1 %’-
£ i
£
QO (@] 3 p
= ©
X 4 o
|_|J Nr
2 -
1 -
\ A
GaSe CdS
0 oo o T 0 rrrrrrrrrrrrrrrrrerrrrrr
1.0 2.0 3.0 4.0 5.0 20 22 24 26 28 30
E (eV) E (eV)

Fig. 4.4: Plot of (ahv) 2 vs. E of photoconductor array materials for (a) GaSe, ZnS and Ge

and (b) CdS, InSe and InSe/CdS



Table 4. 1: Optical properties and energy band gaps for photoconductor array materials

material Eq Area Max T/ A Max R/ A Eg Rejoin of
types nm nm stron
P (eV) (cmd (hm) (nm) reference absorpt?on
(eV)
Cds 2.39 1.4 93.1%/600 18.2%/492 2.40 2.22-2.67
GaSe 2.15 0.6 89.2%/742 26.5%/604 1.96 1.80-2.53
VAN 3.33 1.2 90.6%/804 20.7%/426 3.54 3.30-3.72
InSe 2.02 0.48 89.1%/774 28.6%/586 2.0 2.00 -2.70
Ge 1.14 1.1 66.6%/1090 30.3%/876 1.2 1.12-1.83
InSe/CdS  2.10 0.39 94.1%/ 762 19.6%/550 2.00 -2.70

The tabled data of energy band gaps indicate information about the operating region of the
proposed photoconductor. the proposed device is supposed to operate in the incident photon
energy range of 1.14 -3.33 eV .This wide range extend from the blue limit to the near IR
and make the photoconductor suitable for many optoelectronic application
detection , photovoltaic application and visible light communication. Receives in visible

light communication get use from room lighting and from lasers of wave lengths of 406,

632 and 850 nm.

like IR
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4.2: Photoelectric properties

In this work, we designed a photoconductor array, consisting of materials with energy band
gaps ranging from 1.14 to 3.33 eV. First, we studied these materials separately to find their
photoelectrical properties. After that we studied them as one material serially connected

photoconductor array to recognize the best construction for our photoconductor.

4.2.1 Photoelectric properties of CdS

The I-V characteristics of the CdS measured in the dark and under tungsten light in the
range of irradiation power of 1.0-12.0 W. It is also measured under 406-nm (0.5-6.0 mW)
and 632 nm (ImW) lasers. In n- types semiconductors , the metal work function (¢n) is
required to be lower than the semiconductor work function (¢s) to obtain Ohmic contact for
Indium metal which has a work function of 4.09 eV that is less than the CdS work function
(4.7eV) [144]. From figure 4.5 it is clear that the current recorded in the dark and under
light illumination increase linearly with increases voltage investigated that In/CdS/In is an
ohmic contact. Although material maybe ohmic in the dark it dose not necessarily means
that it should be ohmic under light because that only depends on the generation

recombination rates.



25

4
2 04 Tcas

1
30
- Dark 0.2 1

-1

(a) 406 nm Dark
_2 1 1 1 1 1
-100 -50 0 50 100 2 1 mw
S o
V (V) =

6

4 -
% 21 -0.2 -
—0

21 Dark

-4 4

(c) 632 nm
-6 T T T (b) TlIJngSten '04 T T T
-100 50 0 50 100 -100 -50 0 50 100
V (V) V(V)

Fig. 4.5: Dark and light current I-V characteristics of CdS for (a) 406-nm laser, (b) tungsten
and (c) 632 nm laser

In/CdS/In is illuminated with tungsten, 406 nm and 632 nm lasers under voltage bias ranges
in range of (-100 to +100 Volt). When In/CdS/In is exited, the generated photocurrent
changes because of the effect of the applied electric field which leds to a photocurrent that
are added to the dark current, which effectively increases the conductivity [145]. As shown
in figure 4.5 (a) the current under light is larger than the dark current meaning that CdS id
photo sensitive to light irradiation. This behavior appears because the photon energy of 406
nm laser is larger than the energy gap of CdS leading to electron-hole pairs generated from

valance band to conduction band which increases the current. The generated e-h pairs are
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separated by the applied electric filed, thus the e's move to the conduction band and
recombine with holes in the valance band [143]. Also, the light current for tungsten and 632
nm laser is larger than the dark current although their energy photons are smaller than the
energy gap of CdS this is possibly due to transition of carriers from defect states in the band
gap to the conduction band [146]. The extrinsic absorption is dominated by transitions from
the valence band to inter bands or impurity states that are formed by defects,
inhomogeneities and un purposely present dopants[147] . The generated photocurrent (Ipn
= I.-1g) increases with power for lasers and tungsten in voltage biasing rang (-100 to +100
volt) as shown in figure 4.6(a)-(c). The maximum value of photocurrent is obtained for
tungsten with photocurrent of 4.705 uA at a power of 12 W. Also, the generated
photocurrent for 406 nm laser is the highest compared to 632 nm laser as shown in figure
4.6(b)-(c).The reason for increasing photocurrent with increasing the incident power
because stronger light-matter interaction will take place in In/CdS/In [148]. As the
absorption is intrinsic (photon energy for 406 nm is larger than Eg) increasing the light
power indicates an increase in the incident photon energy which is quantized. Since the
energy of photon is kept constant, then tee power have means increasing the number of
incident photon. In accordance to Einstein theory each photon must pick up an e causing

the sharp increase in photocurrent [149].
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Fig. 4.6: photocurrent 1-V characteristics of CdS for (a) 406-nm laser, (b) tungsten and (c)
632 nm laser.

Figure 4.7 shows the photoresponsivity (R) of the In/CdS/In which is calculated by using

the following equation [133, 150]:

|
Rs =~ (43)

Where Iy is the photocurrent, A is the illuminated area and P is the incident light intensity.
Figure 4.7 shows a plot of Rs versus power (at a bias voltage at 100 V) for In/CdS/In

prepared under 406 nm and 632 nm lasers and tungsten.
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Fig. 4.7: The photoresponsivity (Rs) characteristics of CdS for (a) 406-nm laser, (b)
tungsten and (c) 632 nm laser.

The photoresponsivity (Rs) decreases with increases the power of 406 nm laser and
tungsten as shown in figure 4.7(a), (b) while Rs is increasing with increasing voltage as
shown in figure 4.7(c) for 632 nm laser at power of 1 mW. The decrease in
photoresponsivity with increased power of 406 nm laser and tungsten could be attributed to
filling of the long-lived trap states at higher powers [151, 152 ] also, the decreasing of Rs
with power is due to the increased recombination rate of photogenerated carriers [147,153].
The highest Rs value is observed at 406 nm laser at a power of 0.5 mW and it is 2.3734
AW ! as shown in figure 4.7(a). Also, it is very clear that Rs is very small values for 632

nm laser and tungsten. Rs = 143 mA.W * for 632 nm laser at a power of 1 mW power
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which agrees with the results in [143]. Rs = 2.75 mA.W ™ for tungsten at a power of 12 W.
As the number of photons increases the number of generated e-h pairs increases, thus,
more photons move more photocurrent and thus the responsivity is expected. However,
when material contain surface traps and surface recombination centers [154] as well s deep
impurity level. The dynamics of the light become highly complicated particularly, when
recombination centers are empty they may be have as electron traps. Similarly do all
acceptor centers. For this reason there should be demarcation levels that balance these
mechanisms. The demarcation levels behave as sensitizers [155], that balance the
recombination mechanism. Since the applied electric filed is very high, then most of
trapping levels are saturated with increases light intensity, there is no center to actualize the
recombination. This makes the recombination mechanism less effective and as a result, the
material dose not sense to light.

Another important parameter is the photosensitivity (S). S of CdS thin film was determined
at different powers of tungsten, 406 nm and 632 nm lasers (at applied bias voltage of 100

volt) by using the following relationship [135, 156]:

S=——" (4.4)

Where 14 and I, represent the photocurrents in the dark and under illumination, respectively.
As shown in figure 4.8 (a), (b). S increases with increases power of tungsten and 406 nm
lasers due to increases photogenerated current. The device is more sensitive to tungsten
light than other lasers. At a bias voltage of 100 volts, the device was more sensitive to

tungsten light, S= 1277% at a power of 12 W for tungsten which agrees with the results in
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[143]. S= 21.2 % at a power of 0.5 mW for 406 nm laser. But it is seeming constant and
small for 632 nm laser in the bias voltage range( -100 to +100 volt) as shown in figure 4.8

(c) because the power of 632 nm laser is constant so the number of photon that reach the

device is the same although the bias voltage changing.
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Fig. 4.8: The photosensitivity (S) characteristics of CdS for (a) 406-nm laser, (b) tungsten
and (c) 632 nm laser.

Figure 4.9 shows the External Quantum Efficiency (EQE) for CdS (it is the number of

electrons detected per incident photon). EQE can be calculated from the following equation

[129, 147]:



Rshc
EQE =
Q Ae

[%], (4.5)

Where Rs is the photoresponsivity, h is Planck’s constant, ¢ is the speed of light, e is the

electron charge and 4 is the wavelength.
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Fig. 4.9: The External Quantum Efficiency (EQE) characteristics of CdS for (a) 406-nm
laser, (b) tungsten and (c) 632 nm laser.

It is clear that from figure 4.9 (a) and (b) EQE for 406 nm laser and tungsten decreases with
power. While EQE for 632 nm laser increases with applied voltage at a power of 1 mW as
shown in figure 4.9(c). The decreasing of EQE with power for 406 nm laser and tungsten
Is due to decreasing in Rs with power and due to the absorption saturation a can be seen

from figure 4.3 [157]. Also, may be due to long-lived trap states and the presence of
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demarcation level [153]. EQE= 726.5 % for CdS which is the maximum value for 406 nm

laser at a power of 0.5 mW as shown in figure 4.9. EQE has small values for tungsten and

632 nm laser as shown in figure 4.9.

Figure 4.10 shows the internal quantum efficiency (IQE) It is defined as the ratio between

the number of the electron-hole pairs created by the light and the number of the absorbed

photons. IQE can be calculated from the following equation [129,158]:

1QE() =W ], e)

Where EQE is the external quantum efficiency and A is the absorption.
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Fig. 4.10: The Internal Quantum Efficiency (IQE) characteristics of CdS for (a) 406-nm

laser, (b) tungsten and (c) 632 nm laser.
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IQE decreases with power for 406 nm laser and tungsten and IQE increases with voltage
for 632 nm laser as shown in figure 4.10(a)-(c). IQE= 981.5% at a power of 0.5 mW for
406 nm laser which is the maximum value, IQE= 937% for 632 nm laser at a power of 1
mW. This is due to the large value of absorption at a wavelength of 632 nm. While IQE has
very small values for tungsten. Finally all value for Iy, Rs, S, EQE and IQE for In/CdS/In at

different excitation of 406 nm, 632 nm lasers and tungsten are listed in table 4.2.

Table 4.2: Results for In/CdS/In for 406 nm, 632 nm lasers and tungsten excitation.

In/CdS/In  lpn (NA)  S% Rs (MAW ™) EQE% Power IQE%

406 nm 166 212 23734 7263 05mwW 9815
tungsten 4705 1277  2.75 0.34 12 W 3.17
632 nm 20.1 6.36 143 28.1 1mwW 937.2

4.2.2 Photoelectric properties of InSe

Now we will talk about the photoelectric properties for InSe as a single device
(In/InSe/In). The I-V characteristics of the InSe measured in the dark, under tungsten, 406-
nm, 632 nm and 850 nm lasers. InSe is n- type semiconductor; the metal work function (¢m)
is required to be lower than the semiconductor work function (¢;) to obtain Ohmic contact.
In metal has a work function of (4.09 eV) which is less than the InSe work function (5.2
eV) [159]. As shown in figure 4.11 it is clear that the dark current increase linearly with

increases voltage.
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Fig. 4.11: Dark and light current 1-V characteristics of InSe for (a) 406-nm laser, (b)
tungsten, (c) 632 nm and (d) 850 nm lasers.

When In/InSe/In is excited with light, the generated photocurrent increases due to the effect
of the light intensity which leads to a photocurrent that are added to the dark current. This
effectively increases the photoconductivity [144]. As shown in figure 4.11(a) the light
current is larger than the dark current because the photon energy of 406 nm laser larger than
the energy gap of InSe leading to electron-hole pairs generated from valance band to
conduction band which increases the current [160]. The light currents for tungsten, 850 nm
and 632 nm lasers are larger than the dark current despite their energy photons is smaller
than the energy gap of InSe this is may be due to transition of carriers from defect states in

the band gap to the conduction band (extrinsic absorption)[145, 146]. The generated
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photocurrent increases with power for lasers and tungsten in voltage biasing rang (-100 to

+100 volt) as shown in figure 4.12(a)-(d) this is refers to stronger light-matter interaction

will take place in In/InSe/In [147,161].
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12: 1-V characteristics of InSe for (a) 406-nm laser, (b) tungsten, (c) 632 nm laser,

and (d) 850 nm laser.

The maximum value of photocurrent is obtained for tungsten with photocurrent of 7.4 pA

at a power of 12 W. Also, the generated photocurrent for 406 nm laser is the larger

compared to 632 nm and 850 nm lasers as shown in figure 4.12(a), (c), and (d).

Rs decreases with power of 406 nm and 850 nm lasers and tungsten as shown in figure

4.13(a),

(b), and (d). For 632 nm lasers Rs increases with voltage as shown in figure 4.13
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(c). Rs decreases with power of lasers and tungsten due increased recombination rate of
photogenerated carriers [147, 156] , filling of the long-lived trap states [149, 150] and due
to saturation of the trap states [162] . InSe is highly response for 406 nm laser. The
maximum value of Rs is 4.9 AW ™ at a power of 0.5 mW at 100 volt as shown in figure
4.13(a). Rs= 208.7 mA.W * for 632 nm laser at 50 volts which agrees with the results in

[163]. But Rs= 6.65 mA.W™ it is the smaller one due to large power of tungsten.
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Fig. 4.13: The photoresponsivity (Rs) characteristics of InSe for (a) 406-nm laser, (b)
tungsten, (c) 632 nm laser, and (d) 850 nm laser

On the other hand, the photosensitivity increases with power of 406 nm and 850 nm lasers

and tungsten as shown in figure 4.14(a), (b), and (d) because of increasing the number of
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generated carriers with power. While S is constant and small for 632 nm laser in the bias
voltage range -50 to50 volts as shown in figure 4.14(c). S has maximum value of 577% at a
power of 12 W for tungsten light. S= 21% for 406 nm laser at a power of 0.5 mW. Also,

S=16 % for 850 nm laser at a power of 5 mW.
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Fig. 4.14: The photosensitivity (S) characteristics of InSe for (a) 406-nm laser, (b) tungsten,
(c) 632 nm laser and (d) 850 nm laser

The external quantum efficiency decreases with power of 406 nm, 850 nm lasers and

tungsten as shown in figure 4.15(a), (b), and (d) while EQE increases with voltage for 632
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nm laser at a power of 1 mW as shown in figure 4.15(c). The reducing in EQE with power

for 406 nm, 850 nm lasers and tungsten maybe due to decreasing in Rs with power,

absorption saturation and long-lived trap states [153]. EQE for InSe has a maximum value

of 1505.7% for 406 nm laser at a power of 0.5 mW as shown in figure 4.15(a). EQE=

41.03% for 632 nm laser at a power of 1 mW and EQE = 54% for 850 nm laser at a power

of 5 mW. But EQE= 0.08% for tungsten at power of 12 W.
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Fig.4. 15: The External Quantum Efficiency (EQE) characteristics of InSe for (a) 406 nm
laser (b) tungsten (c) 632 nm laser (d) 850 nm laser

It is clear that IQE decreases with power for 406 nm, 850 nm lasers and tungsten While it is

increases with voltage for 632 nm laser at a power of 1 mW as shown in figure 4.16.
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Decreasing in IQE due to recombination rate decreases as the exciting power increases
[164]. IQE has a maximum value of 1757% for 406 nm laser at a power of 0.5 mW as
shown in figure 4.16(a). Also, IQE= 623 % for 850 nm laser at a power of 5 mW. IQE has

a small value for tungsten light and 632 nm laser.
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Fig. 4.16: The Internal Quantum Efficiency (IQE) characteristics of InSe for (a) 406 nm
laser, (b) tungsten, (c) 632 nm laser and (d) 850 nm laser.

Finally all value for Iy, Rs, S, EQE and IQE for InSe at different excitation of 406 nm,

632 nm lasers and tungsten are listed in table 4.3.
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Table 4.3: Results for In/InSe/In for 406 nm, 632 nm, 850 nm lasers and tungsten

excitation.
InSe I n(nA) S % Rs (MAW %) EQE% Power IQE%
406 nm 2361  21.9 4920 1505.7 0.5mwW 1757
tungsten 74114 577.1 6.65 0.08 12W 7.35
632nm  20.03  3.44 208.7 41.03 1mw 70.29
850 nm  180.16  16.33 375.3 54.86 5 mw 623.4

4.2.3 Photoelectric properties of Ge

Ge is an important material that is used in our photoconductor array. In our device In/Ge/In,
In metal has a work function of 4.09 eV which is less than the Ge work function 5.0 eV. So,
we should not have ohmic contact [165]. The I-V characteristics of the Ge measured in the
dark, under tungsten and 850 nm laser irradiation are shown in figure 4.17. The dark and
under light currents increase linearly with increases voltage showing liner relation. The
appearance of the ohmic character in the InGe interface is ascribed to the large separation

between the two contact which cases of electron scattering leading to high resistance short

ranges which is mostly controlled by the surface defects and surface roughness [166].
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Fig. 4.17: Dark and light current 1-V characteristics of Ge for (a) tungsten and (b) 850 nm
laser.

When In/Ge/ln is exited, the generated photocurrent changes because of the effect of the
applied electric field which leds to a photocurrent that is added to the dark current, which
effectively increases the conductivity [167]. As shown in figure 4.18 (a) and (b) large
light current due to electron-hole pairs generated from valance band to conduction band
which increases the current [143]. The maximum value of photocurrent is obtained for
tungsten with photocurrent of 863.7 nA at a power of 12 W and the generated
photocurrent for 850 nm laser is 7.49 nA. The generated photocurrent increases with
power for 850 nm laser and tungsten in voltage biasing rang (-100 to +100 volt) as shown

in figure 4.18(a) and (b). The reason for increasing photocurrent with increasing the
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incident powers because it is narrow gap that suits the energy of photons irradiation from

tungsten.

0.9

0.6 1

0.3 1

Iph (HA)

Iph (nA)

0.0 1

-0.3 1

(b) 850 nm
_0.6 T T T T _40 T T T L]

(a) Tungsten

-100 50 0 50 100 -100  -50 0 50 100
V (V) V (V)

Fig. 4.18: 1-V characteristics of Ge for (a) tungsten and (b) 850 nm laser.
The photoresponsivity (Rs) increases with increases the power of tungsten as shown in
figure 4.19 (a) while Rs decreases with increases power as shown in figure 4.19(b) for 850
nm laser. The decrease in Rs with increased power of 850 nm laser could be attributed to
the possibility that the photogenerated carriers were not collected to the electrodes. Another
possibility is the shadow effect due to the thick electrodes (1 um) by which a fair amount of
photon could not enter the In/Ge/In [168] and because the energy photon for 850 nm laser
is larger than energy band gap for Ge, the decreases is due to the high recombination via

sensitizing states . The Rs variation with power under tungsten light is ascribed to the
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extrinsic absorption which is dominated by energy photon for tungsten is lower than energy
band gap foe Ge, the oxide layer on the top surface of Ge film . . Rsis 14 mA.W * for 850

nm laser at a power of 5 mW which is larger than that for tungsten.
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Fig. 4.19: The photoresponsivity (Rs) characteristics of Ge for (a) tungsten and (b) 850 nm
laser.

Figure 4.20 show that S increases with increases power of tungsten and 850 nm laser. The
device is more sensitive to tungsten light, S = 97% at a power of 12 W for tungsten and S =

0.77 % at a power of 5 mW for 850 nm laser.
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Fig. 4.20: The photosensitivity (S) characteristics of Ge for (a) tungsten and (b) 850 nm

laser.

We indicate that EQE increases with power for tungsten as shown in figure 4.21(a). While

it is decreases with power for 850 nm laser as shown in figure 4.21(b). The decreasing of

EQE with power for 850 nm is due to decreasing in Rs with power and due to the long-

lived trap states and presence of sensitizing states [155, 164]. EQE= 0.08 % for tungsten at

a power of 12 W and EQE=0.77 % for 850 nm laser at a power of 5 mW.
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Fig.4. 21: The External Quantum Efficiency (EQE) characteristics of Ge for (a) tungsten
and (b) 850 nm laser.

Figure 4.22 (a) shows that IQE increases with power for tungsten. While IQE decreases
with power for 850 nm laser as shown in figure 4.22 (b). IQE = 0.179 % for tungsten at a
power of 12 W and IQE= 3.21 % for 850 nm laser at a power of 5 mW. Finally all value for
loh, Rs, S, EQE and IQE for Ge at different excitation of 850 nm laser and tungsten are

listed in table 4.4.
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Fig. 4.22: The Internal Quantum Efficiency (IQE) characteristics of Ge for (a) tungsten and
(b) 850 nm laser

Table 4.4: Results for In/Ge/In for 850 nm laser and tungsten excitation

In/Ge/In loh (NA)  S% Rs (MAW ™) EQE% Power IQE%

tungsten 863.7 97.18 0.64 0.08 W12 0.179

850 nm 7.49 0.77 13.62 1.99 5 mwW 3.21
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4.2.4 Photoelectric properties of GaSe

GasSe is another material that is used in our photodetector array. In Our device In/GaSe/In,
the metal In has a work function of 4.09 eV which is larger than the n-type GaSe work
function (3.34 eV). We expect schottky behavior but, from figure 4.23 shows the I-V for
GaSe under tungsten and 406 nm laser in the voltage biasing rang (-100 to +100 volt). As
shown in figure 4.23 it is clear that the dark and light currents increase with increases
voltage investigated that In/GaSe/In is an ohmic contact. The presence of ohmic contact is
due to large electrodes separation and strong electric filed that make surface effects more

dominate.

(a) 406 nm (b) Tungsten
-80 + . . . -0.3 A T T T
100 -50 0 50 100 -100  -50 0 =0 100
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Fig. 4.23: Dark and light current 1-V characteristics of GaSe for (a) 406-nm laser and (b)
tungsten.
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The generated photocurrent for 406 nm laser and tungsten increases with power as
shown in figure 4.24. The photocurrent significantly increases under illumination
compared to that of the dark current due to the photogenerated electron— hole pair which
increased the photoconductivity [169]. Also, the generated photocurrent increases due to
the effect of the applied electric field which leds to a photocurrent that are added to the
dark current, which effectively increases the conductivity [144]. The photocurrent = 8 nA
for 406 nm laser which agrees with [170]. Also, photocurrent has a maximum value of

257 nA for tungsten at power of 12 W which is due extrinsic absorption .
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Fig. 4.24: 1-V characteristics of GaSe for (a) 406-nm laser and (b) tungsten.
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Figure 4.25 shows that Rs decreases with power of 406 nm and tungsten as .Rs decreases
with power of 406 nm laser and tungsten due to increased recombination rate of
photogenerated carriers [147] and capturing by lived trap states [149, 150] . Rs = 266.6
mA.W * for 406 nm laser at a power of 0.5 mw which is the maximum value for GaSe.

But, Rs= 0.35 mA.W™ for tungsten at power of 12 W.
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Fig. 4.25: The photoresponsivity (Rs) characteristics of GaSe for (a) 406-nm laser and (b)
tungsten.
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From our study, we found that GaSe is more sensitive for tungsten light. S = 618 % for

tungsten at a power of 12 W. S = 28.9 % for 406 nm laser at a power of 0.5 mW. It is

clear that from figure 4.26 (a) and (b) S increases with power of 406 nm laser and

tungsten this due to increasing the number of photogenerated carriers.
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Fig. 4.26: The photosensitivity (S) characteristics of GaSe for (a) 406-nm laser and (b)
tungsten.
we

EQE= 81.6 % for 406 nm laser at a power of 0.5 mW which is the maximum value that

obtained in this work for GaSe .This result agrees with [168]. EQE decreases with power of

406 nm laser and tungsten as shown in figure 4.27, because the photoresponsivity decreases

as caused by trapping effects [166, 168]. EQE = 0.054 % for tungsten at a power of 12 W.
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Fig. 4.27: The External Quantum Efficiency (EQE) characteristics of GaSe for (a) 406-nm
laser and (b) tungsten.

IQE decreases with power for 406 nm laser and tungsten as shown in figure 4.28 (a) and
(b). This due to decreasing in EQE. IQE= 91.6 % for 406 nm laser at a power of 0.5 mW
which is the maximum value that we obtained for GaSe. However, it has small value for
tungsten, which is equal 0.35 %. Finally, all value for Iy, Rs, S, EQE and IQE for

In/GaSe/In at different excitation of 406 nm laser and tungsten are listed in table 4.5.

Table 4.5: Results for In/GaSe/In for 406 nm laser and tungsten excitation.

In/GaSe/In 1 ;h(nA) S% Rs(MAW ™ EQE% Power IQE%

406 nm 8 28.9 266.6 81.6 0.5mwW  91.69
tungsten 257.3 618.5 0.35 0.04 12W 0.35
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Fig. 4.28: The Internal Quantum Efficiency (IQE) characteristics of GaSe for (a) 406-nm
laser and (b) tungsten.

4.2.5 Photoelectric properties of ZnS

Now we will talk about another material ZnS. In Our device (In/ZnS/In), the metal In
has a work function of 4.09 eV which is lower than the p-type ZnS work function (7.0 eV)
[171].We expect schottky behavior but the dark current increases with increases voltage
investigated that In/ZnS/In is an ohmic contact. The presence of ohmic contact is due to
large electrodes separation and strong electric filed that make surface effects more
dominate. The measurements of the generated photocurrent for different types of lasers and

tungsten are very small, because photon energies for lasers and tungsten are smaller than
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the energy band gap of ZnS. Our generated photocurrent for lasers and tungsten is in the
order of few nano Amperes. Our results agree with [172] in which they found that the

generated photocurrent is in the order of Pico Ampere for wavelength in the range (300 to
600 nm). ZnS does not respond to tungsten and lasers so we will not take it in our

photoconductor array.

4.2.6 Photoelectric properties of InSe/CdS heterojunction

We designed a heterojunction which consists of (InSe/CdS) thin films. Both of InSe and
CdS are n-type semiconductors which represent isotope heterojunction device, the main
difference between the two materials in the energy band gaps which exhibit respective
values of 2.39 and 2.2 eV. The difference in the energy band gaps is 0.19 eV. As the
electron affinity of CdS is 4.5 eV [173] and for InSe is 4.55 eV [174], then AEc = 0.05 eV
and AEy = 0.15 eV. The low valance and conduction bands off sets for the two materials
make them optically identical, but structurally different. This structure has no role on the
recombination dynamics but increases photo generated pairs. Figure 4.29 shows the I-V
for (InSe/CdS) heterojunction under tungsten and 406 nm laser in the voltage biasing
rang (-100 to +100 volt). As shown in figure 4.29 it is clear that the dark and light
currents increase with increases voltage investigated that the shoulder of the device In/

InSe/CdS /In are an ohmic contact.
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Fig. 4.29: Dark and light current 1-V characteristics of (InSe/CdS) for (a) 406-nm laser and
(b) tungsten.

The generated photocurrent for 406 nm laser and tungsten increases with power as shown
in figure 4.30. The photocurrent significantly increases under illumination compared to
that of the dark current due to the photogenerated electron— hole pair which increased the
conductivity [166] and due to the effect of the applied electric field [144]. We found that
the generated photocurrent for tungsten is the highest compared to 406 nm laser as shown
in figure 4.30 (a) and (b) But, this value for tungsten is smaller compared to InSe and
CdS thin films alone. The generated photocurrent for tungsten is 166.9 nA while it is

equal 48.2 nA for 406 nm laser at power of 0.5 mW.
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Fig. 4.30: 1-V characteristics of (InSe/CdS) for. a) 406-nm laser and b) tungsten.

Figure 4.31 shows that Rs decreases with power of 406 nm and tungsten as .Rs decreases
with power of 406 nm laser and tungsten due to increased recombination rate of
photogenerated carriers [147] and due to capturing by trap states [168]. Rs=2.4 AW ™
for 406 nm lasers at a power of 0.5 mW which is the largest value that we obtained

compared to tungsten which is equal 3.5 mA.W™.
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Fig. 4.31: The photoresponsivity (Rs) characteristics of (InSe/CdS) for (a) 406-nm laser and
(b) tungsten.

The value of S is 780 % for tungsten at a power of 12 W which is the maximum that we
obtained for InSe/CdS compared to 406 nm laser which is equal 16.8 % at power of 0.5
mW. Also, S increases with the power of tungsten and 406 nm laser due to the increases in

the number of photo carriers with power as shown in figure 4.32.



57

80 0.8
InSe/CdS InSe/CdS
60 A 0.6 -
> S
wn X
S
40 ~ n 0.4 1
20 1 0.2 -
0 (a) 406 nm 0 (b) Tungsten
0 1 2 3 4 5 6 7 0 5 10 15

P (mWw) P (W)

Fig. 4.32: The photosensitivity (S) characteristics of (InSe/CdS) for (a) 406-nm laser and

(b) tungsten.

EQE= 753.56 % for 406 nm laser at a power of 0.5 mW which is the maximum value
compared to tungsten which is equal 0.44% at power of 12 W. EQE decreases with power
of 406 nm laser and tungsten as shown in figure 4.33,because the photoresponsivity
decreases as caused by trapping effects [166, 168]. EQE is lower than that of InSe and

larger than that of CdS at 406 nm laser at a power of 0.5 mW. EQE for tungsten is lower

than that of InSe and larger than that of CdS.
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Fig. 4.33: The External Quantum Efficiency (EQE) characteristics of (InSe/CdS) for (a)

406-nm laser and (b) tungsten.

IQE decreases with power for 406 nm laser and tungsten as shown in figure 4.34 (a) and (b)
due to decreasing in EQE. At 406 nm laser there is absorption saturation so internal
quantum efficiency is guided by properties of EQE[153]. 1QE= 793 % for (InSe/CdS) for
406 nm laser which is the largest value that we obtained compared to tungsten which is
equal 1.55 % at a power of 12 W. IQE for tungsten for (InSe/CdS) is lower than that of
InSe and CdS. Finally all value for I, Rs, S, EQE and IQE for In/GaSe/In at different

excitation of 406 nm laser and tungsten are listed in table 4.6.
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Fig. 4.34: The Internal Quantum Efficiency (IQE) characteristics of InSe/CdS for a) 406-
nm laser and b) tungsten.

Table 4.6: Results for (InSe/CdS) heterojunction for 406 nm laser and tungsten excitation.

InSe/CdS I ,n(hA) S% Rs(MAW™)  EQE% Power IQE%

406 nm  48.2 16.87 2462.2 753.5 0.5 mw 793.1

tungsten  1666.9  780.75 3.50 0.44 W12 1.55
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4.2.6 Photoelectric properties of connected and separated array

We designed a connected and separated array to study and compare photoelectric properties
as shown in figure 4.35. The I-V characteristics of the array measured in the dark, under
tungsten power in the range of 1.0-12.0 W. From figure 4.36 it is clear that the dark and
light current increases linearly with increases voltage investigated that we have an ohmic

contact.

Fig.4.35: The geometrical design of (a) connected array (b) separated
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Fig. 4.36: Dark and light current 1-V characteristics of (a) connected array and (b) separated
array for tungsten.

Connected and separated array are illuminated with tungsten under voltage bias ranges in
range of (-100 to +100 Volt). The generated photocurrent increases because of the effect of
the applied electric [144] . As shown in figure 4.36 (a) and (b) the light current is larger
than the dark current due to photoelectric effect [16].The generated photocurrent increases
with power of tungsten in voltage biasing rang (-100 to +100 volt) as shown in figure 4.37
(@), (b).The reason for increasing photocurrent with increasing the incident powers is the

availability of more free carriers associated with material supplementary. Our study
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indicates that generated photocurrent for connected array equal 13925 nA is larger than that
of separated array which is equal 8049 nA. The photocurrent is increased by more than 1.7

times when heterojunction between device was allowed .
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Fig. 4.37: The I-V characteristics of (a) connected array (b) separated array for tungsten.

The photoresponsivity (Rs) decreases with increases the power of tungsten as shown in figure
4.38(a) and (b). The decrease in photoresponsivity with increased power of tungsten could
be attributed to trapping and sensitizing states [164] also, due to the increased
recombination rate of photogenerated carriers [147]. We found that Rs = 1.59 mA.W ™ for

connected array which is larger than that of separated array. But, it is still smaller than all
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other materials because the area of connected array and separated array is larger than other

thin films materials and Rs decreases with area.
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Fig. 4.38: The photoresponsivity (Rs) characteristics of a) connected array .b) separated

array for tungsten.

From figure 3.39 we indicate that S increases with power. Connected array is more
sensitive for tungsten light S= 387 % for connected array which is larger than that of

separated array which is equal 338 %.
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Fig. 4.39: The photosensitivity (S) characteristics of (a) connected array (b) separated

array for tungsten.

It is clear that from figure 4.40 (a), (b) EQE for tungsten decreases with power. The
decreasing of EQE with power for tungsten is due to decreasing in Rs with power and due
to the absorption saturation [153]. Also, maybe due to long-lived trap states [153]. EQE =
0.2 % for connected array which is larger than that for separated array. Finally all value

for Ipn, Rs, S, EQE and IQE for connected and separated array at excitation of tungsten

are listed in table 4.7.
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Fig. 4.40: The External Quantum Efficiency (EQE) characteristics of (a) connected array.
(b) Separated array for tungsten

Table 4.7: Results for connected and separated array tungsten excitation.

Material ~ Ipn (NA)  S% Rs (MA.W ™) EQE% Power
Connected 13925 387.1 159 0.20 W12
array
Separated 8049 338.3 1.06 0.12 W12

array
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Table 4.8: Results for 406 nm Laser

Material I o S R EQE% P IQE%
(nA) % (MA.W ™ (mW)
InSe 236.1 21.9 4920 1505.7 0.5 1757
InSe/CdS  48.2 16.87 2462.2 753.5 0.5 793.1
GaSe 8 28.9 266.6 81.6 0.5 91.69
Cds 166 21.2 2373.4 726.3 0.5 981.5
Table 4.9: Results for 632nm laser
Material I ph S R EQE% P IQE%
(nA) % (MAW ™ (mW)
InSe 16.3 1.32 170.7 33.5 1 57.5
Cds 20.1 6.36 143 28.1 1 937.2
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Table 4.10: Results for Tungsten light.

Material I ph S R EQE% P IQE%
(nA) % (mMA.W ) (W)
Ge 863.7  97.18 0.64 0.08 12.12  0.179
InSe 74114  577.1 6.65 0.08 12.12 7.35
InSe/CdS  1666.9  780.75 3.50 0.44 12.12 1.55
GaSe 257.3 6185 0.35 0.04 12.12 0.35
Cds 4705 1277 2.75 0.34 12.12 3.17
Contacted 13925  387.1 1.59 0.20 12.12
array
Separated 8049 338.3 1.06 0.12 12.12
array
Table 4.11: Results for 850 nm laser
Material I o S R EQE% P IQE%
(nA) % (MAW ™ (W)
Ge 7.49 0.77 13.62 1.99 5 3.21
InSe  180.16 16.33 375.3 54.86 5 623.4
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We found from tables 4.8-4.11 that the maximum value of photosensitivity is achieved
for Cadmium sulfide for 406 nm lasers at a power of 0.5 mw while the maximum value of
generated photocurrent is achieved for connected array for tungsten at a power of 12 W.
The maximum values of external quantum efficiency, internal quantum efficiency and
photoresponsivity are achieved for Indium Selenide for 406 nm lasers at a power of 0.5

mW. It is clear that the best two materials are InSe and CdS which can be used in many

applications such as photovoltaic device and light sensitive switch in visible rejoin.
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Conclusions

In this thesis, a wide band photoconductor array is designed and characterized. The wide
band photoconductor array is designed from materials exhibiting energy band gaps of
values in the range 1.1-3.33 eV. Our photoconductor array consists of Cadmium sulfide,
Gallium Selenide, Indium Selenide, Germanium, Zinc Sulfide and Indium Selenide/
Cadmium sulfide heterojunction. The photoconductor array is subjected to various types
of laser excitations including lasers of wavelengths of 406, 632, 850 and 1550 nm and
tungsten light. The measurements allowed determining the array photoresponsivity,
photosensitivity, external quantum efficiency and internal quantum efficiency

We studied the photosensitivity, generated photocurrent, external quantum efficiency,
internal quantum efficiency and photoresponsivity for Cadmium sulfide, Gallium
Selenide, Indium Selenide, Germanium, Zinc Sulfide and Indium Selenide/ Cadmium

sulfide heterojunction to form a photoconductor array.

For Cadmium sulfide, we found that photosensitivity and generated photocurrent
increases with power for lasers and tungsten light while external quantum efficiency,
internal quantum efficiency and photoresponsivity decrease with power for lasers and
tungsten light. For Indium Selenide, we found that photosensitivity and generated
photocurrent increases with power for lasers and tungsten light while external quantum
efficiency, internal quantum efficiency and photoresponsivity decrease with power for

lasers and tungsten light.

For Germanium, we found that photosensitivity increases with power for lasers and

tungsten light while external quantum efficiency, internal quantum efficiency and
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photoresponsivity decrease with power for 850 nm laser. But for tungsten the external
quantum efficiency, internal quantum efficiency and photoresponsivity increases with
power. The generated photocurrent increases with power for tungsten light and 850 nm
laser. For Gallium Selenide, we found that photosensitivity and generated photocurrent
increases with power for lasers and tungsten light while external quantum efficiency,
internal quantum efficiency and photoresponsivity decrease with power for lasers and

tungsten light.

For Indium Selenide/ Cadmium sulfide heterojunction, we found that photosensitivity and
generated photocurrent increases with power for lasers and tungsten light while external
quantum efficiency, internal quantum efficiency and photoresponsivity decrease with

power for lasers and tungsten light.

For connected and separated photoconductors array, we found that photosensitivity and
generated photocurrent increases with power for tungsten light while external quantum
efficiency, internal quantum efficiency and photoresponsivity decrease with power for

tungsten light.

It is clear that the best two materials are InSe and CdS which can be used in many
applications such as photovoltaic device, light sensitive switch in visible rejoin and
camera light meters. We are looking in the future to increasing the EQE, IQE, Rs and S

for this device by design photoconductor in  nanoscale technology.
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